After internalization of triglyceride-rich lipoproteins (TRL) in hepatoma cells, TRL particles are immediately disintegrated in the early endosomal compartment. This involves the targeting of lipids and apoprotein B along the degradative pathway and the recycling of TRLderived apoE through recycling endosomes. Re-secretion of apoE is accompanied by the concomitant association of apoE and cellular cholesterol with high-density lipoproteins (HDL). Since epidemiological data show that apoE3 and apoE4 have differential effects on HDL metabolism, we investigated whether the intracellular processing of TRL-derived apoE4 differs from apoE3-TRL. In this study we demonstrate by radioactive and immunofluorescence uptake experiments that cell-surface binding and internalization of TRLderived apoE4 is increased compared to apoE3 in hepatoma cells. Pulse-chase experiments revealed that HDL-induced recycling, but not disintegration and degradation, of apoE4-enriched TRL is strongly reduced in these cells. Furthermore, impaired HDL-induced apoE4 recycling is associated with reduced cholesterol efflux. Studies performed in Tangier fibroblasts show that apoE recycling does not depend on ATP binding cassette transporter A1 activity. These studies provide first evidence that impaired recycling of apoE4 could interfere with intracellular cholesterol transport and contribute to the pathophysiological lipoprotein profile observed in apoE4 homozygotes.
INTRODUCTION
7 apoE isoforms (native and recombinant) were associated with TRL (0.5 mg protein) to prepare apoE3-TRL, apoE4-TRL (final concentration 0.23 mg protein/ml) or 125 I-apoE3-TRL, preparations were 0.22 +/-0.1 mg/ml, while 125 I-VLDL were 0.41 +/-0.13 mg/ml, and the specific radioactivity was 90 -140 cpm/ng protein, respectively. Radiolabeling of TRL and VLDL apoproteins was confirmed by SDS-PAGE and autoradiography as described (10) . For immunofluorescence, 100 µg of recombinant apoE3 and apoE4 were labeled with Cy3 or Cy5, associated with TRL and re-isolated by ultracentrifugation to obtain Cy3-apoE3-TRL and Cy5-apoE4-TRL, respectively. Fluorescent label was exclusively found in apoE as determined by SDS-PAGE followed by in gel fluorescence analysis (data not shown).
Incorporation of DiI into apoE3-TRL and apoE4-TRL was performed as described previously (9) . Non- Apoproteins were visualized with a Coomassie protein stain.
Immunofluorescence
For immunofluorescence, hepatoma cells were incubated with 5 µg/ml apoE3, apoE3-TRL, apoE4-TRL, DiI-apoE3-TRL or DiI-apoE4-TRL in DMEM + 2% BSA for 15-60 min at 37°C. For uptake experiments, cells were washed in DMEM, treated with heparin at 4°C for 5 min and fixed in 4% PFA. To study apoE recycling, cells were treated as above and incubated for additional 60 min at 37°C in DMEM (0.1% BSA) +/-50 µg/ml HDL 3 before fixation.
Supernatants were harvested for subsequent western blot analysis (see below). Indirect immunofluorescence against apoE and nuclear staining with DAPI were performed as described (9) . Full cell images were taken with an Axiovert 100 microscope equipped with a 9 bound (4°C) or internalized (37°C) radioactivity. Values were normalized to total cellular protein (9) . For degradation experiments, hepatoma cells were incubated with 10 µg/ml 125 IapoE3-VLDL or 125 I-apoE4-VLDL for 60 min at 37°C in DMEM, 5% BSA (pH 7.4). Cells were washed as described above and incubated at 37°C for additional 30 to 300 min. The media were harvested, the trichloroacetic acid (TCA) precipitable material was removed and the amount of degraded ( 125 I-tyrosine) radioactivity in the supernatants was determined.
Values were normalized to total cellular protein.
For pulse chase experiments, cells were incubated with 2.5 µg/ml 125 I-TRL, 125 I-apoE3-TRL or 125 I-apoE4-TRL, washed and treated with heparin as described above. To promote recycling, radiolabeled cells were incubated for 60-240 min at 37°C with DMEM + 0.1%
BSA supplemented with 50 µg/ml HDL 3 . Then, the content of TCA precipitable, recycled radioactivity in the harvested media was determined (9) .
RT-PCR
To induce ABCA1 expression, human hepatoma cells were treated overnight with 5 mM OHChol and 5 mM RA (38). Total RNA was isolated and ABCA1 mRNA levels were determined using quantitative RT-PCR as described (39). The values obtained for ABCA1
were normalized to GAPDH mRNA levels. Primers to determine ABCA1 (123 bp cDNA 
Cholesterol efflux experiments
To achieve cholesterol loading 100.000 cpm/ml 3 H-cholesterol in ethanol were incubated with cells overnight at 37°C as described (40). Then, cells were washed and incubated with TRL,
RESULTS

Accumulation of internalized TRL-derived apoE4
Epidemiological studies have clearly shown that apoE3 and apoE4 isoforms have differential effects on lipoprotein metabolism. Some observations indicate that the internalization and intracellular processing of TRL-derived apoE isoforms may contribute to explain differences of apoE isoforms in lipid metabolism. Inheritance of apoE4 is associated with increased internalization of VLDL in hepatocytes but not fibroblasts (25) . These findings correlate with the enhanced plasma clearance of VLDL in apoE4 compared to apoE3 mice (27) . Therefore, initial experiments addressed the effects of enhanced internalization of apoE4 on the intracellular processing of TRL-associated apoproteins. First, the internalization of lipid-free and TRL-associated apoE3 and apoE4 into hepatoma cells was compared. TRL-associated apoE3 accumulated in peripheral endosomes (Fig. 1B) , whereas after incubation with lipidfree apoE3 only a weak staining was observed (Fig. 1A) . This staining represents endogenous apoE in perinuclear compartments, since it was also present in cells incubated without any exogenous apoE (data not shown). Similar results were obtained with lipid-free apoE4 (data not shown). To exclude that enrichment of TRL particles with apoE3 or apoE4 could differentially alter the overall TRL apoprotein composition possibly affecting internalization of apoE3-TRL and apoE4-TRL, the apoprotein composition of TRL, apoE3-TRL and apoE4-TRL was analyzed by SDS-PAGE ( Fig. 2A) . Coomassie staining revealed that TRL isolated from apoCII-deficient patients contained apoB 100 and apoB 48 , indicating that both CM and VLDL were present. The other major apoproteins of native TRL were apoE and apoC ( Fig.   2A lane 1 ). TRL enriched with recombinant apoE3 or apoE4 contain comparable amounts of apoE3 and apoE4 ( Fig. 2A , lane 2 and 3), respectively). When higher apoprotein amounts were analyzed, similar amounts of apoB 100 and apoB 48 were detected in apoE3-TRL and apo4-TRL (data not shown). We then compared the internalization of TRL-associated apoE isoforms by immunofluorescence (Fig. 2B ). Human HuH7 hepatoma cells were incubated with TRL alone, as well as with apoE3-and apoE4-enriched TRL (Fig. 2B) . Enrichment of TRL with the two apoE isoforms led to a more pronounced accumulation of apoE4 in peripheral endosomes as compared to apoE3. Uptake experiments using TRL enriched with a 1:1 mix of apoE3 and apoE4 revealed an intermediate accumulation of apoE (data not shown).
Using radiolabeled VLDL from patients homozygous for apoE3 or apoE4, similar results
were obtained in radioactive cell-surface binding (Fig. 2C ) and uptake experiments (Fig. 2D) respectively. In these experiments, cell-surface binding and internalization of 125 I-apoE4-VLDL was increased 1.5 -1.8 fold compared to 125 I-apoE3-VLDL. To analyze whether more efficient degradation of apoE3 could contribute to the increased accumulation of apoE4 as compared to apoE3 ( Fig. 1-2 ), the degradation of internalized 125 I-apoE3-VLDL and 125 IapoE4-VLDL in hepatoma cells was compared (Fig. 2E ). Cells were loaded with radiolabeled apoE3-or apoE4-VLDL and then chased for different time periods. At each time point the non-precipitable radioactivity relative to total internalized radioactivity was determined (Fig.   2E ). Consistent with the results described above, most of the radiolabeled apoproteins escape proteolytic degradation and only some degradation products (up to 25% after 300 min), probably derived from apoB. appear in the media.
Taken together, higher cell-surface binding and uptake of apoE4-TRL, as opposed to apoE3-TRL, does not result in obvious changes in the intracellular distribution and degradation of internalized apoE isoforms into hepatoma cells.
ApoE4 does not interfere with the disintegration of internalized TRL particles
Internalized TRL are disintegrated in endosomal compartments, followed by a differential sorting of TRL components. Whereas TRL-derived apoE is targeted to peripheral endosomes, most TRL lipids are directed along the lysosomal pathway (9;10). To identify whether increased apoE4 internalization could result in a differential sorting of apoE isoforms, we first compared the localization of internalized TRL-derived apoE3 and apoE4 in the early endosomal compartment (Fig. 3A) . To ensure comparability of internalized apoE isoforms, human HuH7 cells were simultaneously incubated with 2 µg/ml Cy3-apoE3-TRL (a, in red) and 1 µg/ml Cy5-apoE4-TRL (b, in green) for 30 min at 37°C. Internalized TRL-derived apoE is found in EEA1 positive endosomes under these conditions (13) . The localization of apoE3 and apoE4 was then analyzed by confocal microscopy. Although apoE4 is internalized more rapidly as compared to apoE3 (Fig. 2) , a similar punctuate endosomal staining and colocalization of apoE isoforms was observed, indicating that both apoE isoforms are similarly trafficking through the endosomal compartment after internalization ( min at 37°C, respectively, and the localization of apoE isoforms and DiI was studied by confocal microscopy. In agreement with previous experiments, TRL-derived apoE and lipids are disintegrated under these conditions (9) . Both apoE3 and apoE4 remain in peripheral endosomes whereas TRL lipids such as DiI are transported predominantly to the perinuclear (pre-/lysosomal) compartment. Taken together, these findings indicate that the transport into early endosomal compartments and the disintegration of apoE3-TRL and apoE4-TRL are identical.
Impaired HDL-induced apoE4 recycling is associated with reduced cholesterol efflux
We have previously demonstrated that the recycling of TRL-derived apoE from peripheral endosomes is stimulated by exogenous HDL 3 (13) . To identify potential differences between apoE isoforms on HDL 3 -induced recycling of TRL-derived apoE, HuH7 cells were pre-loaded with apoE3-and apoE4 enriched TRL and re-secretion of apoE was determined ( it has been shown that apoE isoforms undergo different intracellular processing (41). In these experiments internalized apoE4, compared to apoE3, was more susceptible to degradation, resulting in the cellular accumulation of truncated apoE4 and formation of neurofibrillary tangles-like inclusions (41). Since increased accumulation of truncated apoE4 could contribute to the impaired recycling of apoE4, the presence of degraded apoE fragments after internalization of TRL-derived apoE was investigated (Fig. 5C ). Therefore, HuH7 cells were incubated with TRL, apoE3-TRL and apoE4-TRL for 60 min at 37°C and cellular proteins were isolated. Similar amounts of total cell protein were separated by SDS-PAGE and analyzed by western blot analysis using a polyclonal antibody against apoE. HuH7 cells express low amounts of endogenous apoE (Fig. 5C, lane 1) . In agreement with the results obtained in Fig. 2 , increased amounts of internalized and intact TRL-derived apoE4 (Fig. 5C , lane 3), compared to TRL-derived apoE3 (Fig. 5C, lane 2) , was detected. Most importantly, truncated apoE fragments, possibly derived from apoE degradation, were not detectable under these conditions. Thus increased accumulation of truncated apoE4 does not contribute to the reduced recycling of apoE4.
To independently confirm impaired HDL 3 -induced recycling of apoE4, pulse chase experiments with radiolabeled apoE3-TRL and apoE4-TRL were performed. Therefore, HuH7 cells were pre-loaded with 125 I-apoE3-TRL and 125 I-apoE4-TRL and apoE recycling was determined in the presence of HDL 3 , respectively (Fig. 5D ). In this set of experiments, HDL 3 induced recycling of TRL-derived 125 I-apoE3 was increased approximately 2-fold at t = 60 min and 240 min compared to 125 I-apoE4.
Previously, we have demonstrated that apoE recycling is associated with cholesterol efflux (13) . To analyze the effect of TRL-derived apoE isoforms on cholesterol efflux, human hepatoma cells were labeled overnight with 3 H-cholesterol and loaded with apoE3-TRL or apoE4-TRL (Fig. 6 ). Surface-bound lipoproteins were removed by heparin, and HDL 3 -induced cholesterol efflux was determined after 60 min and 240 min. Similar to the results obtained in the apoE recycling studies (Fig. 5) , cholesterol efflux from apoE3-TRL preincubated cells was increased 2.5 to 3.0-fold at t = 60 min and 240 min compared to apoE4-TRL loaded cells. In summary, reduced apoE4 recycling correlates with decreased HDLinduced cholesterol efflux.
HDL-induced apoE recycling is independent of ABCA1 activity
Cellular cholesterol efflux is known to be critically dependent upon ABCA1 activity (42;43).
Since lipid-free apoA-I and HDL 3 -induced apoE recycling is associated with cholesterol efflux (13;14), we investigated the possible role of ABCA1 for apoE recycling. Therefore, pulse chase experiments with normal fibroblasts and ABCA1 deficient Tangier fibroblasts were performed. The recycling of TRL-derived apoproteins in fibroblasts is comparable to the results obtained from hepatoma cells (9;10). Cells were incubated with 125 I-TRL for 60 min at is not involved in the recycling of TRL-derived apoE.
DISCUSSION
The aim of this study was to compare the effect of the apoE isoforms on the intracellular processing of TRL-components. Disintegration of internalized TRL results in the re-secretion of TRL-derived apoE (9-11;45), a process which is stimulated by extracellular apoA-I or HDL (13;14) and is associated with cholesterol efflux (13) . However, little is known about potential differences in the intracellular processing related to the apoE isoforms, which could possibly help to explain the effects of apoE3 and apoE4 on lipoprotein metabolism. Here we demonstrate that HDL-induced recycling of TRL-derived apoE4 is impaired in comparison to apoE3. The reduced recycling of apoE4 is associated with a decreased cholesterol efflux,
suggesting that the isoform-specific intracellular trafficking affects cholesterol transport to the plasma membrane and consequently modulates the composition of secreted lipoproteins.
Initial experiments in the current study demonstrated an elevated cell-surface binding and uptake of apoE4-containing VLDL and TRL into human hepatoma cells compared to apoE3, whereas the relative amount of degraded apoproteins was similar between the isoforms (Fig.   2, 3 ). These findings are in agreement with studies that described an increased internalization of apoE4-containing VLDL (24;25) . In these studies, the authors hypothesized that the higher binding affinity of apoE4 to the LDL receptor could be responsible for the increased internalization of apoE4 containing VLDL particles. The increased uptake of apoE4-TRL mediated by hepatic lipoprotein receptors could be responsible for the pathological lipoprotein profile in apoE4 individuals. It has been proposed that increased TRL uptake leads to an intracellular accumulation of cholesterol. This could ultimately down-regulate hepatic LDL receptor expression (26) , and thereby increase LDL plasma levels, which are associated with an increased risk for atherosclerosis (20) . However, apoE4-induced down-regulation of the LDL receptor alone cannot explain the striking differences between apoE3 and apoE4 in the development of atherosclerosis (46). Malloy and coworkers hypothesized that in hepatocytes TRL-derived apoE4 might be trapped after LDL receptor-mediated endocytosis, thus reducing its availability for the transfer to nascent lipoproteins (46). Our results confirm this hypothesis, since apoE4, but not apoE3 accumulates in hepatoma cells (Fig. 2B, 4 ) and is not recycled (see below) from peripheral endosomal compartments.
We and others have demonstrated that extracellular HDL 3 and apoA-I induce the recycling of internalized TRL-derived apoE (13;14) . This process is associated with the concomitant efflux of cellular cholesterol and modulates the composition of HDL in hepatoma cells and macrophages (13) . In the current study the stimulatory effect of HDL 3 on apoE recycling was observed only for TRL-derived apoE3, but not apoE4 (Fig. 5) . Furthermore, no obvious differences between the intracellular degradation of TRL-derived apoE4 versus apoE3 could be detected in hepatoma cells (Fig. 5C) . Thus, the lack of truncated apoE fragments suggests that full-length apoE4 accumulates intracellularly and is not transferred efficiently to HDL during the recycling process. This mechanism may contribute to the reduced amounts of apoE4, as compared to apoE3, on HDL in mice and men (20;26;30-32). Several lipoprotein receptors, such as LDLR and LRP, can mediate the internalization of lipoproteins via interaction with apoE. However, it has been demonstrated that none of the above receptors alone is responsible for apoE recycling (47). Rather the different biophysical characteristics of apoE3 and apoE4 could provide an alternative explanation for the differential intracellular routing of the apoE isoforms. Accordingly, apoE4 has a greater propensity than apoE3 to form a molten globule at low pH (48), which correlates with the increased lipid binding properties of apoE4 compared to apoE3 (49). In the context of HDL-induced apoE recycling, the drop in pH after acidification in early endosomal compartments may therefore lead to a conformational change of internalized apoE4, but not of apoE3. The enhanced exposure of hydrophobic residues of apoE4 could alter the binding to lipoprotein receptors, or lead to an increased association with endosomal membranes or result in an apoE4 self-aggregation, ultimately inhibiting an efficient transfer of apoE4 to lipid-poor HDL particles during recycling. Future experiments will have to clarify whether different intracellular trafficking of lipoprotein receptors or the specific biochemical characteristics of apoE4 determine the abnormal intracellular sorting of this apoE isoform. Furthermore, analogous studies with apoE2, which is known for its defective binding to the LDLR, will be an important issue to further dissect the isoform-specific intracellular pathways.
The critical role of apoE in the formation of apoE-containing HDL and the pathogenesis of atherosclerosis seems to be closely linked to the activity of ABCA1, one of the major regulators of cholesterol efflux (for reviews see (50) (51) (52) (54) and exogenous apoA-I facilitates the secretion and the recycling of apoE in macrophages (14;55). These findings indicate that ABCA1 could be involved in the regulation of HDL-induced apoE recycling in hepatocytes. However, we were unable to identify a potential link between apoE recycling and ABCA1 expression (Fig. 7) . This might be explained by the fact that ABCA1-mediated effects on apoE secretion have been measured after 4-16 hours (44;55), while HDL-induced apoE recycling is completed within 60 min (13;14) . Therefore, we conclude that the isoform-specific apoE recycling pathway, which is responsible for apoE and cholesterol enrichment of HDL particles during the postprandial state, is independent of ABCA1.
In summary we could demonstrate for the first time that the HDL-induced recycling of TRLderived apoE is isoform-specific. ApoE3 recycling is associated with concomitant cholesterol efflux and thereby contributes to the formation of apoE-containing HDL, while apoE4
accumulates within endosomal compartments and is connected to an impaired cholesterol efflux. Although the implications of impaired apoE4 recycling for HDL metabolism in vivo are yet unclear, it could contribute to the low apoE4 and cholesterol content on HDL particles in apoE4 subjects (20;26;30-32 Figure 5B Figure 5B 
